Multicellular organisms evolved sophisticated defence systems to confer protection against pathogens. An important characteristic of these immune systems is their ability to act both locally at the site of infection and at distal uninfected locations [1] [2] [3] [4] . In insects, such as Drosophila melanogaster, RNA interference (RNAi) mediates antiviral immunity [5] [6] [7] . However, the antiviral RNAi defence in flies seems to be a local, cell-autonomous process, as flies are thought to be unable to generate a systemic RNAi response 8 . Here we show that a recently defined double-stranded RNA (dsRNA) uptake pathway 9 is essential for effective antiviral RNAi immunity in adult flies. Mutant flies defective in this dsRNA uptake pathway were hypersensitive to infection with Drosophila C virus and Sindbis virus. Mortality in dsRNA-uptake-defective flies was accompanied by 100-to 10 5 -fold increases in viral titres and higher levels of viral RNA. Furthermore, inoculating naked dsRNA into flies elicited a sequence-specific antiviral immune response that required an intact dsRNA uptake pathway. These findings suggest that spread of dsRNA to uninfected sites is essential for effective antiviral immunity. Notably, infection with green fluorescent protein (GFP)-tagged Sindbis virus suppressed expression of host-encoded GFP at a distal site. Thus, similar to protein-based immunity in vertebrates, the antiviral RNAi response in flies also relies on the systemic spread of a virus-specific immunity signal.
On the basis of the recent identification of a dsRNA uptake pathway in flies 9,10 , we hypothesized that dsRNA produced and released from infected cells can be taken up locally, and perhaps at distal sites, to establish systemic pre-existing immunity in uninfected cells ( Fig. 1 ). We thus examined whether naked dsRNA can mediate systemic RNAi spread by inoculating flies with dsRNA corresponding to two different regions of the Sindbis virus genome (dsSin1 and dsSin2, Supplementary Fig. 1a ; see also Fig. 2a ). Two days after dsRNA inoculation, flies were infected with a recombinant Sindbis virus expressing GFP (Sindbis-GFP virus, Supplementary Fig. 1a ). Notably, inoculation with dsSin1 and dsSin2 markedly reduced accumulation of GFP as determined by fluorescence microscopy and immunoblotting ( Fig. 2b , c, lanes 7-11 and 18-22); control buffer had no effect on virus replication (Fig. 2b , c, lanes 2-6 and Supplementary Fig. 1b ). This inhibitory response was sequence specific because flies inoculated with dsRNA corresponding to Drosophila C virus (DCV) genome showed no effect on Sindbis virus replication ( Fig. 2b , c, lanes [13] [14] [15] [16] [17] . Furthermore, inoculation of dsRNA corresponding to DCV (dsDCV) efficiently protected wild-type flies against DCV infection, but not against Sindbis virus ( Supplementary Fig. 2a ). The antiviral effect of exogenous dsRNA inoculation required a functional RNAi machinery as Dicer 2 and Argonaute 2 null mutant flies (Dcr2 2/2 and Ago2 2/2 ) were unable to mount an effective antiviral response ( Fig. 2d and Supplementary Fig. 2a ). In addition, wild-type flies accumulated short interfering RNAs (siRNAs) derived from injected dsRNA ( Supplementary Fig. 2c ). We conclude that inoculation of dsRNA initiates a bona fide, specific RNAi response that protects flies against virus infection.
Serial dilutions of dsSin2 indicated that very low concentrations of injected dsRNA sufficed to mount a very strong response ( Fig. 2e ). Accordingly, we observed reduced viral replication even after inoculation of 5 pg of dsRNA (equivalent to 1.5 3 10 5 molecules of dsSin2, Fig. 2e , lanes [17] [18] [19] [20] . Of note, whereas the maximal dose of dsSin2 (5 ng) elicited an inhibitory response that lasted 5 days ( Fig. 2e , lanes 5-8), inoculation of a lower dose produced a shorter period of immunity ( Fig. 2e 
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Intracellular immunity dsRNA uptake dsRNA uptake This observation underscores the efficiency and persistence of the dsRNA-mediated antiviral immunity in Drosophila, and supports the idea that exogenous dsRNA can initiate an RNA silencing response in flies, albeit without the RNAi amplification mechanism observed in plants and nematodes 11, 12 . We previously described that dsRNA is taken up in Drosophila S2 cells by an active pathway, involving receptor-mediated endocytosis 9 . To examine whether this pathway is involved in the antiviral RNAi response mechanism we selected three genes implicated by the previous analysis in dsRNA uptake: egghead (egh), encoding a seventransmembrane-domain glycosyltransferase; ninaC, coding for a protein involved in vesicle transport; and a gene of unknown function, CG4572 ( Supplementary Fig. 2b ). Although viability and fertility of homozygous egh EP804 , ninaC 3 and CG4572 c05963 mutant flies did not differ significantly from wild type, all three mutants were hypersensitive to DCV or Sindbis virus infection. In these dsRNA uptake-defective flies, we observed an earlier onset of disease ( Fig. 3a , b). After infection, median survival of homozygous egh EP804 , ninaC 3 and CG4572 c05963 flies was approximately 5-8 days, compared with more than 14 days in wild-type flies, and the 50% lethal dose (LD 50 ) in CG4572 c05963 flies was ninefold lower than in wild-type flies (not shown).
An important consideration when studying viral sensitivity in animals defective for components of a major cellular pathway, such as endocytosis or intracellular transport, is that enhanced death after viral infection may be caused by a decrease in fitness or general health of the mutant animal, and not by a direct antiviral activity of the deleted component. To establish whether the increased mortality of egh, ninaC and CG4572 mutant flies stems from their inability to control virus replication, we determined viral loads ( Fig. 3c ). Even at early time points after infection, before the onset of disease, DCV titres were 100-to 10 5 -fold higher in homozygous egh EP804 , ninaC 3 and CG4572 c05963 flies compared to wild-type controls (Fig. 3c ). The increase in viral titres in mutant flies was mirrored by a marked increase in viral RNA levels. Whereas viral RNA was barely detected in wild-type flies before day 5, it was clearly observed at 24 h after infection in homozygous ninaC 3 and CG4572 c05963 mutant flies, and by 48 h it accumulated at much higher levels in these mutants than in wild-type flies ( Supplementary Fig. 3a ). We examined the role of the dsRNA uptake pathway on virus replication further by monitoring Sindbis-GFP virus tissue tropism. In wild-type flies, GFP fluorescence was barely detected 3 days after infection and accumulated in discrete puncta throughout the fly. In contrast, in homozygous egh EP804 , ninaC 3 and CG4572 c05963 mutants, GFP accumulated within a large structure in the abdomen of the animal and at much higher levels than in wild-type flies ( Fig. 3d and Supplementary Fig. 3b ).
These results indicate that the enhanced viral susceptibility of egh, ninaC and CG4572 mutant flies is due to their inability to control virus replication. Homozygous egh EP804 (egh 2/2 ), ninaC 3 (ninaC 2/2 ), CG4572 c05963 (CG4572 2/2 ) and wild-type flies were injected with 500 TCID 50 (50% tissue culture infectious dose) DCV (a) or 500 plaque-forming units Sindbis-GFP virus (b) and monitored daily for survival. c, DCV replicates at higher levels in dsRNA uptake mutant flies. Flies were injected with 500 TCID 50 DCV, and virus production was monitored over time. At each time point, three pools of five flies were homogenized, and the viral titre in the homogenate was determined by end-point dilution. The error bars report the average 6 s.d. for at least three independent experiments. d, Sindbis-GFP virus replicates at higher levels in dsRNA uptake mutant flies as shown by increased GFP expression in the fat body at 3 days after infection when compared with wildtype flies. NATURE | Vol 458 | 19 March 2009 LETTERS The hyper-susceptibility to virus infection of flies defective in dsRNA uptake is strikingly similar to that previously seen in Ago2defective flies 6 . Therefore, we examined whether the RNAi core function is impaired in egh, ninaC and CG4572 mutant flies. Eye-specific silencing of the Ecdysone receptor gene (EcR) by an endogenously expressed EcR hairpin dsRNA 13 leads to abnormal eye structure resulting from impaired corneal lens formation (Fig. 4a, b ). Under these conditions, disruption of the core RNAi machinery in homozygous Ago2 414 mutant flies suppressed EcR RNAi and restored normal eye structure. In contrast, efficient EcR RNAi was observed in homozygous egh EP804 and CG4572 c05963 flies. Similar experiments monitored RNAi in homozygous ninaC 3 flies using the expression of a hairpin dsRNA targeting the white gene that causes a decrease of eye pigmentation and orange eye colour in control flies ( Supplementary  Fig. 4a, b) 14 . Silencing of white was suppressed in homozygous Dcr2 L811fsX mutant flies whereas it was fully maintained in homozygous ninaC 3 flies ( Fig. 4c and Supplementary Fig. 4a, b ). We further confirmed this conclusion by injecting dsRNA against the fushi tarazu gene (ftz) 15 into syncytial embryos before cellularization. Injection of ftz dsRNA in wild-type embryos resulted in the expected segmentation defects, namely loss of denticle belts in the cuticle of prehatching larvae (ftz phenotype; Supplementary Fig. 4c ). Injection of ftz dsRNA in homozygous egh EP804 , ninaC 3 and CG4572 c05963 embryos induced the same defects, indicating that RNA silencing proceeded normally in these mutants. In contrast, homozygous Ago2 414 control embryos were unable to silence ftz expression and thus hatched with a wild-type cuticle ( Supplementary Fig. 4c ). These results indicate that mutant flies support efficient RNAi silencing if dsRNA uptake is bypassed through expression of dsRNA hairpins intracellularly or by injecting dsRNA into syncytial embryos.
We next examined whether other arms of the immune system were affected in egh, ninaC and CG4572 mutants. Insects produce a number of antimicrobial peptides, which are secreted into the haemolymph, in response to immune challenge. These peptides are effective against Gram-negative and Gram-positive bacteria as well as fungi 16 . We determined whether egh, ninaC and CG4572 mutant flies can support production of the antimicrobial peptides drosomycin and diptericin in response to septic injury with Gram-positive and Gramnegative bacteria. Drosomycin production was measured after septic injury with Micrococcus luteus, a Gram-positive bacterium that signals through the Toll pathway. Production of diptericin was measured after septic injury with Erwinia carotovora (also called Pectobacterium carotovorum), a Gram-negative bacterium that induces the Imd pathway. Homozygous egh EP804 , ninaC 3 and CG4572 c05963 flies were able to respond efficiently to bacterial infection, (Fig. 4d) . Similarly, the JAK/STAT signalling pathway 17 seems to be unimpaired in egh EP804 and CG4572 c05963 flies as DCV infection induced normal vir-1 expression in these mutants ( Supplementary  Fig. 5 ). Thus, defects in cellular components that abrogate dsRNA uptake and its ensuing antiviral immunity do not generally impair other arms of the fly innate immune system.
We hypothesize that the dsRNA uptake pathway underlies systemic antiviral immunity, which is required to control virus replication. We thus examined whether dsRNA inoculation in egh, ninaC and CG4572 mutant flies was able to elicit the protective immunity observed in wild-type flies (Fig. 2) . Indeed, whereas inoculation of DCV dsRNA markedly reduced DCV replication in wild-type flies (Fig. 5a, lanes 1-9) , homozygous egh EP804 , ninaC 3 and CG4572 c05963 mutant flies were unable to mount an antiviral response on DCV dsRNA inoculation (Fig. 5a, lanes 10-30) . Similarly, the dsRNA uptake pathway was required for protection against Sindbis virus infection by naked dsSin1 inoculation ( Supplementary Fig. 6 ). Furthermore, whereas wild-type flies efficiently processed inoculated dsRNA into siRNAs, egh EP804 , ninaC 3 and CG4572 c05963 mutant flies accumulated siRNAs at much lower levels ( Supplementary Fig. 2b) .
Our model states that infected cells release viral dsRNA that is subsequently taken up by uninfected cells through the dsRNA uptake pathway, thereby eliciting an antiviral RNAi response. A direct prediction of this model is that during infection, viral-derived dsRNA spreads to induce systemic silencing. To test this prediction we examined whether infection with a Sindbis virus carrying the GFP gene could silence a ubiquitously expressed endogenous GFP at a distal site. After intrathoracic inoculation, Sindbis-GFP virus RNA was readily detected in the thorax and abdomen of Tub-eGFP transgenic flies starting at 1 day after infection (Fig. 5b, lanes 5-8) . In contrast, the viral RNA was not detectable in the head until day 5 after infection (Fig. 5b, lanes 1-4) . Notably, endogenous GFP expression in the head was significantly reduced already at day 2, despite the absence of any detectable viral replication in this organ (Fig. 5c, lane 3) . In contrast, infection with control Sindbis virus carrying a firefly luciferase gene did not silence GFP expression (Fig. 5d ). These results indicate that a virus-specific derived RNAi signal spreads from the thorax to the head early after infection.
It was previously thought that Drosophila is unable to spread systemically an RNAi response, based on observations that endogenously expressed RNA hairpins do not spread from cell to cell 8 . However, we demonstrate that, upon virus infection, infected cells spread systemically a silencing signal that elicits protective RNAi-dependent immunity throughout the organism. Although uninfected Drosophila cells seem to lack a constitutive mechanism for systemic RNAi spread, unlike plant and nematode cells, they do have an active and highly efficient mechanism for dsRNA uptake, which we here show is essential for antiviral immunity. Accordingly, dsRNA is normally not released from uninfected cells, but virus infection may induce dsRNA release either through lysis of infected cells or through a virally induced shedding mechanism. We propose that these virally derived dsRNAs are taken up into uninfected cells to generate virus-specific intracellular immunity that prevents virus spread (Fig. 1 ). In support of this idea, this specific antiviral response in flies requires both the RNAi core machinery and the recently described dsRNA uptake pathway. Furthermore, simple inoculation of even very low amounts of dsRNA, in the absence of virus infection, can by itself promote a potent antiviral immunity, which is similarly dependent on the RNAi core machinery and the dsRNA uptake pathway. Our previous results indicated that whereas dsRNA is readily taken up by Drosophila S2 cells, siRNAs are not efficiently taken up 9 . We thus conclude that systemic spread of a specific antiviral RNAi activity-probably mediated by large viral dsRNAs or intramolecular base-pairing structures released from infected cells-is an essential component of the immune response elicited by virus infection in flies. The precise nature of the RNAi spread intermediate remains to be defined further. It is remarkable that blocking the spread of the RNAi signal has such a profound effect on antiviral immunity. This suggests that the cell-autonomous RNAi response is insufficient to control a viral infection. In striking parallel to vertebrates, flies also rely on systemic immunity, albeit in this case the virus-specific signal is dsRNA-based. These observations provide an insight into the evolutionarily conserved principles of immunity in multicellular organisms, requiring both cell-autonomous responses as well as systemic mechanisms to create pre-existing immunity to protect uninfected cells.
METHODS SUMMARY
Fly stocks. dsRNA uptake mutant stocks were obtained from the Bloomington Drosophila Stock Center. The genomic structure of these mutant allele stocks was confirmed by inverse PCR and sequencing. The egh EP804 allele is a P-element insertion in the coding sequence of the egh first exon. The ninaC 3 allele is a replacement of the K1078 codon by a stop codon 18 . The CG4572 c05963 allele is a PiggyBac insertion in the open reading frame of CG4572 c05963 . The UAS.IR[EcR] transgene producing EcR dsRNA 13 and the P{GAL4-ninaE.GMR}12 GAL4 driver were recombined on chromosome 2 before genetic crosses with egh EP804 and CG4572 c05963 mutant stocks. The GMR.IR[white] inverted repeat transgene has been previously described 14 . The Tub-eGFP transgenic line was obtained from S. Cohen 19 . dsRNA preparation and injection into adult flies. dsRNA was generated by in vitro transcription using T7 RNA polymerase. Five-day-old female flies were injected in the thorax using a nanoinjector (Nanoject II, Drummond Scientific). Two days later flies were infected in the opposite side of the thorax with the appropriate virus. Viruses. Recombinant Sindbis virus expressing GFP during viral replication was generated by cloning enhanced GFP into the XbaI site of the double subgenomic Sindbis vector pTE392J (provided by C. Rice) 20 . In vitro transcribed RNA was transfected into BHK-21 cells. Virus titre was determined by plaque assay on BHK cells. DCV stock preparation and viral titre calculation have been previously described 6 .
Microbial infection. Log phase of growth cultures of bacteria Erwinia carotovora and Micrococcus luteus were re-suspended in culture medium, and sharpened needles dipped into these suspensions. Flies were harvested at 6 and 36 h after septic injury. RNA extraction and northern blots were performed following standard procedures.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. Figure 5 | Systemic spread of dsRNA follows virus infection and is essential for effective antiviral immunity. a, Drosophila C virus infection in wild-type flies, and in homozygous egh EP804 (egh 2/2 ), ninaC 3 (ninaC 2/2 ) and CG4572 c05963 (CG4572 2/2 ) mutant flies inoculated with the indicated dsRNA. DCV replication was monitored by western blotting using an antibody directed against DCV capsid protein VP1. b-d, dsRNA produced during virus replication can spread and silence endogenous GFP expressed at a distal site of infection. Flies expressing eGFP (Tub-eGFP) inoculated with Sindbis-GFP (b, c) or Sindbis-luciferase virus (d) by intrathoracic inoculation. b, Viral replication monitored by RT-PCR using primers that amplify NSP1/2 virus genes. c, Expression of endogenous GFP was monitored by western blot with an anti-GFP antibody. d, Same as c except that flies were infected with Sindbis-luciferase virus.
